Abstract -This lecture will review the current state-of-the-art of cobalt-mediated [2+2+2]cycloadditions in the total synthesis of the steroid nucleus.
INTRODUCTION
The chemo-, regio-, and stereoselective construction of carbocycles is one of the major challenges of the synthetic organic chemist.
Polycycle construction, particularly of natural products, is of particular interest in this regard, because many natural products and physiologically active compounds have structural features characterized by their presence. Once such class of molecules which has held the traditional attention of synthetic organic chemists are the steroids.
So many diverse and frequently ingenious strategies to their molecular framework exist, that the steroids have become a veritable training ground on which to test the synthetic utility of novel synthetic methodology (ref. 1) . Penicyclic reactions, in particular the Diels-Alder reaction, have played an important role in these developments (ref. 2) . We have opted for an alternative approach, in which polycyclic systems are assembled by inter-and intramolecular [2+2+2]cycloadditions mediated by transition metals, particularly cobalt in the form of n5-cyclopentadienylcobalt (ref. 3) . This account will review some of the published work involving three total syntheses of the steroid nucleus, and two new approaches which are currently in the developmental stages.
STEROIDS BY THE CATALYTIC COCYCLIZATION OF SUBSTITUTED
1,5-HEXADIYNES WITH ALKYNES
The first successful cobalt-mediated synthesis of the steroid nucleus was based on the ability of CpCo(CO)2 to cocyclize 1,5-hexadiynes with monoalkynes to provide a versatile entry into the benzocyclobutene nucleus (ref. 4) . This approach exploited the ability of benzocyclobutenes to ring open thermally to ortho-xylylenes which are trapped intramolecularly by appended dienophiles (ref. 5) and allowed the rapid assembly of polycyclic compounds. Ultimately, 2,3-bis(tnimethylsilyl)estratnienone 2 was obtained by reaction of 1 with bis(tnimethylsilyl)ethyne (ref. 6 ). This transformation makes five bonds in one step and fuses the ABC portion of the steroid to the stereospecifically constructed D ring (D-*ABCD).
Steroid 2 was taken on to racemic estrone by selective protodesilylation at the 2-position followed by oxidative cleavage of the phenyl-silicon bond.
Direct access to phenol ethers of the estrone type was achieved by cocyclization of 1 with alkoxyalkynes (ref. 6) . This strategy in steroid synthesis relies on catalytic and not stoichiometric (vide infra) cobalt to fuse the ABC part of the target framework to an already existing D-ring. Although remarkable diastereoselective, it is not readily amenable to an enantioselective modification. This drawback necessitated the development of a second approach in which a prochiral precursor was cyclized to generate one or more chiral centers in the metal-mediated step.
INTRAMOLECULAR ENEDIYNE CYCLIZATIONS WITH STOICHIOMETRIC COBALT
In order to enable enantioselective polycycle constructions by our approach, achiral precursors are needed. These were found with enediynes of the type 3 which undergo intramolecular [2+2+2J-cycloadditions in the presence of stoichiometric cobalt to give complexes of the type 4 (ref. 7) . Surprising diastereoselectivity with respect to the newly formed asymmetric metal is obtainable, boding well for the utilization of chiral and optically pentandienylcobalt derivatives. The construction of such ligands, either readily available natural products or by total synthesis, is currently under
The tricyclic framework in 4 may be regarded as the BCD-portion of the steroid gesting the approach to their preparation executed in the conversion of 5 to steroid diene 6 (ref. 9) . 
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The ligand in 6 may be liberated by oxidative demetallation to give a previously unknown (and probably not otherwise accessible) steroid diene.
The position of unsaturation in the C-ring is thermodynamically unfavorable relative to the rearranged diene 7. This compound is a known intermediate in the Torgov synthesis of estrone (ref. 10) .
The outcome of this approach can be schematized A-÷ABCD (ref. 1) While this route to the steroid nucleus has the potential for generating optically active steroids through mediation by an optically active catalyst, such a goal may also be achieved by resolution or enantioselective construction of a derivative of 5 with a functionalized, chiral pro-17 center. For this purpose, it was of interest to establish the potential control of asymmetry by this center on conversion of the prochiral vinyl carbon into the C-13 center of the targets.
STEROIDS BY DIASTEREOSELECTIVE CYCLIZATION OF CHIRAL SUBSTRATES
The potential of a methodology which provides cyclization products in a diastereoselective manner was initially explored with chiral analogs of 3, namely a series of ethers 8 (ref. 11) . Since on cyclization two new elements of chirality are formed (one centered at carbon and one at cobalt) there is the potential for the formation of four stereoisomers 9-12. Interestingly, 9 appears to be the predominant product (R2=CH, C6H5CH, CH3OCH2), minor amounts of 10 also being detectable. Strangely, when R2SiR3, this selectivity is lost.
These results can be exploited in a diastereoselective steroid synthesis which involves the efficient construction of precursor 13, starting from -methoxybenzoyl chloride (ref. 11) . Gratifyingly, 13 cyclizes as indicated by the model reactions on 8 to give predominantly steroid diastereomer 14, the two 0-ring substituents emerging with a strong cis-preference with respect to each other, the metal anti relative to these substituents.
A high field proton NMR spectrum of complex 14 is shown in Fig. 1 . Its characteristic features include three methyl singlets at 5 0.82, 3.31, and 3.39, a singlet for the cyclopentadienyl hydrogen at 4.41, and two doublets for the diastereotopic C-ring hydrogens at 0.91 and 2.27 ppm. The 
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(CH3)3Si 13 broad peak 6 0.33 is due to the trimethylsilyl group which is suffering from hindered rotation due to the extremely crowded environment in the bay region of the molecule.
At -35°C the broad peak separates into three singlets, whereas at 80°C coalescence occurs to the usual single line. approaches to the steroid nucleus described so far construct three rings in one step to be fused to an already existing A-or D-ring, none of them achieve the type of polycyclization accomplished in biomimetic schemes (ref. 17) in which all rings of the steroid framework are made in one step. How could one design the 
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A convergent assembly of the requisite enetriyne starting material originating from 1-trimethylsilyl-1,5-hexadiyne 35 relies on its regioselective metallation at the 3-and 6-positions (ref. 19) , followed by equally selective sequential alkylation to give 36. This material is then converted readily to 34. Various other enetriynes can be made by modifications of this sequence.
The diol 34, and some of its derivatives, including those in the ethyl series 39, can be cyclized in the presence of catalytic cobalt to provide an efficient entry into the class of B-ring aromatic steroids as exemplified by the synthesis of 37, 38, and 40. It will be noted that the intramolecular Diels-Alder reaction (e.g. 33÷32) is stereospecific furnish- 
CONCLUSION
This article has summarized the current state-of-the-art of our synthetic methodology employing catalytic or stoichiometric cobalt in the cyclization of alkenynes to provide the steroid framework.
These transformations, which can be carried out both intra-as well as intermolecularly, generate a minimum of three rings in one step with generally excellent chemo-, regio-, and stereoselectivity. In order to improve this strategy further, even more convergent schemes for cyclization will have to be found. These approaches will rely on the increasing delineation of the chemoselectivity of the cyclization when various unsaturated moieties are allowed to react in an intermolecular sense.
